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Several road pavement distresses are related to rheological bitumen properties. Rutting and fatigue cracking are themajor distresses
that lead to permanent failures in pavement construction. Influence of crumb rubber modifier (CRM) on rheological properties
of bitumen binder such as improvement of high and intermediate temperatures is investigated in the binder’s fatigue and rutting
resistance through physical-rheological changes in this research.The bitumen binders were aged by rolling thin film oven (RTFOT)
to simulate short-term aging and pressure aging vessel (PAV) to simulate long-term aging.The effects of aging on the rheological and
physical properties of bitumen binders were studied conducting dynamic shear rheometer test (DSR), Brookfield viscometer test,
softening point test, and penetration test. The results showed that the use of rubberised bitumen binder reduces the aging effect on
physical and rheological properties of the bitumen binder as illustrated through lower aging index of viscosity, lower aging index of
𝐺
∗/sin 𝛿, and an increase in Tan 𝛿with crumb rubbermodifier content increasing, indicating that the crumb rubbermight improve
the aging resistance of rubberised bitumen binder. In addition, the results showed that the softening point increment (Δ𝑆) and pene-
tration aging ratio (PAR) of the rubberised bitumen binder decreased significantly due to crumb rubbermodification. Furthermore,
the higher crumb rubber content, the lower 𝐺∗sin 𝛿 after PAV aging, which led to higher resistance to fatigue cracking bitumen.
1. Introduction
Several road pavement distresses are related to bitumen prop-
erties. Rutting and fatigue cracking are the major distresses
that lead to permanent failures in pavement construction.
Bitumen is a viscoelastic material; its rheological properties
are very sensitive to temperature and rate of loading. In
general, road pavement performance properties are mainly
affected by the bitumen binder properties; it is well known
that the rheological properties and durability of conventional
bitumen are not sufficient to resist pavement distresses. A
conventional bitumen 80/100 penetration grade is commonly
used in Malaysia, and moreover, it is subjected to the high
traffic load and hot climate. The use of crumb rubber (waste
tyre) in bitumen modification is considered as a sustainable
technology which transforms unwanted residue into a new
bituminous mixture. Aging is known as a factor influencing
the performance and characteristics of bitumen binder.Many
factors might contribute to this hardening of the bitu-
men such as oxidation, volatilisation, polymerization, and
thixotropy [1]. Field studies have shown that crumb rubber
can improve the bitumen pavement performance [2–5].
Mohamed et al. [6] illustrated the influence of low
CRM content on rheological properties of aged bitumen,
reporting that the rheological changes in bitumen binder
led to improving the mechanical properties of rubberised
bitumen binder. In a joint experiment, Abdelaziz and Karim
[7] conducted a study on rheological evaluation of aged
rubberised bitumen. The results showed that CRM has an
obvious significant effect on bitumen rheology by increasing
complex shear modulus 𝐺∗ and decreasing phase angle 𝛿.
Also, the RTFOT aging results of this study indicated that𝐺∗
was increased by 1 to 1.5 times for unmodified bitumen and
2.5 times for rubberised bitumen. The PAV test indicated an
increase in complex shear modulus which was about 2 and 3
times for unmodified and rubberised bitumen, respectively.
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The applications of rubberised bitumen binders have
reported many advantages; for instance improved bitumen
resistance to rutting due to high viscosity, high softening
point and better resilience, reduction in road pavement
maintenance cost, lower fatigue/reflection cracking, and less
temperature susceptibility [8]. In general, the application
of crumb rubber modified in bitumen binder can improve
binder properties by lowering the inherent temperature sus-
ceptibility of binders [9, 10]. The use of crumb rubber mod-
ifier with bitumen binder led to enhancing the fatigue resis-
tance [11, 12]. The improved performance of bitumen rubber
pavements compared with conventional bitumen pavements
is primarily a result of improved rheological properties of the
rubberised bitumen binder.
A study by Aflaki and Memarzadeh [13] investigated the
effect of rheological properties of crumb rubber on fatigue
cracking at low and intermediate temperatures using different
shear methods.The results of this study showed that the high
shear blending indicated more influence on improvement of
low-temperature properties of rubberised binder than the
low shear blending. The mechanism by which binder prop-
erties may change at low temperature was presented. This
mechanism is referred to as physical hardening occurring
at temperatures next to or lower than the glass transition
temperature and causes significant hardening of the bitu-
men binder. Aging influenced the bitumen chemistry and
rheology significantly; additionally, the use of the two aging
conditions, that is, thin film oven test (TFOT) and rolling
thin file oven test (RTFOT) showed a strong correlation and
similar severity [14]. The ideal use of bitumen binders as
pavingmaterials is dependent on its resistance to the physical
change across the range of temperatures encountered in a
conventional pavement. Aging significantly changed both the
chemical and physical properties of asphalts. Physical prop-
erties such as penetration, ductility, viscosity, and stiffness are
all affected to some extent by aging [15].
Aging indexmeasurement is one of themost popular pro-
cedures used to determine aging susceptibility and provides
ranking of different bitumen binders. Aging index is defined
as the ratio of a given binder property after aging to that
property before aging as shown in (1):
Aging index =
Bitumen property after aging
same property before aging
. (1)
1.1. Research Objective and Scope. The primary objective of
this research is to evaluate and investigate the influence of
crumb rubber content on the rubberised binder’s rheological
and physical changes subsequent to aging. The secondary
objective is to identify the degree of aging in rheological and
physical properties of rubberised bitumen and its effect on
high-temperature properties (rutting) as well as intermediate
temperature (fatigue cracking) through short-term aging test
(rolling thin film oven test (RTFOT)) and long-term aging
test (pressure aging vessel (PAV)).
Table 1: Physical and rheological properties of 80/100 PG bitumen.
Test properties Results
Viscosity at 135∘C (Pa ⋅ s) 0.65
𝐺
∗/sin 𝛿 at 64∘C (kPa) 1.35
Ductility at 25∘C (cm) >100
Softening point (∘C ) 47
Penetration at 25∘C (d-mm) 88
Ductility after RTFOT at 25∘C (cm) >100
RTFOT aged 𝐺∗/sin 𝛿 at 64∘C (kPa) 6.022
PAV aged 𝐺∗sin 𝛿 at 25∘C (kPa) 3122.5
Table 2: The chemical components of the original bitumen before
and after ageing.
Unaged After RTFOT After PAV
Saturates (%) 15.1 13.88 12.47
Aromatics (%) 48.55 44.19 38.55
Resins (%) 26.22 28.94 31.21
Asphaltenes (%) 10.13 12.99 17.77
Table 3: (CRM gradation).
Sieve 𝑛 (size, mm) Particle size distribution
No. 10 (2.00) 100
No. 16 (1.180) 100
No. 20 (0.850) 100
No. 30 (0.600) 97.7
No. 40 (0.425) 61.1
No. 50 (0.300) 33.9
No. 80 (0.180) 12.5
No. 100 (0.150) 7.5
No. 200 (0.075) 0.0
2. Experimental Program and Materials
The base 80/100 penetration grade bitumen was used in this
study. Tables 1 and 2 show the properties of base bitumen
and the chemical components of original bitumen (before
and after aging), respectively. Rubberised bitumen binder was
prepared by mixing bitumen 80/100 penetration grade with
CRM (8% and 16% by binder weight) passing the 30 mesh
sieve as shown in Table 3, the propeller mixer used to mix
the base bitumen, and the crumb rubber at constant blending
conditions of 180∘C temperature, time of 60 minutes, and
velocity of 200 rpm.
The samples were aged using the standard rolling thin
file oven test (RTFOT) (ASTM D-2872) at a temperature
of 163∘C for 85min as short-term aging and pressure aging
vessel (PAV) (AASHTO PP1) at 100∘C and an air pressure
of 2.1Mpa for 20 hours to simulate the long-term aging. To
investigate the influence of oxidative aging on rheological
changes of rubberised bitumen, the age hardening is evalu-
ated bymeasuring Brookfield viscosity (135∘C)ASTMD4402,
penetration test (25∘C) ASTMD5, softening point test (25∘C)
ASTM D36, and dynamic shear (DSR) ASTM D-4 Proposal
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Table 4: DSR condition test used in the current study.
Rheological
parameter
Plate Dia.
(mm)
Gap
(mm) Sample 𝑇 (
∘C)
𝐺
∗/sin 𝛿 25 1 RTFOT 76
𝐺
∗sin 𝛿 8 2 PAV 31
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Figure 1: Brookfield viscosity results versus crumb rubber content.
P246. In this study, the condition test of DSR test of parallel
plate (diameter and gaps), frequency sweep, and the testing
temperature for samples during RTFOT and PAV aging are
listed in Table 4.
3. Results and Discussion
3.1. Performance Properties at High Temperature
3.1.1. Brookfield Viscosity at 135∘C. The viscosity of bitumen
binders at high temperatures is an important property as
it is a good indicator of the binder’s ability of pumping
through bitumen plant [16]. Figures 1 and 2 show the viscosity
results of the rubberised bitumen tested in this study for
various rubber contents and aging phases/conditions. As
expected, the increase in crumb rubber content led to high
viscosity of the rubberised binder. Additionally, the increase
in viscosity of aged rubberised bitumen was about 36%
and 44% for rubber contents of 8% and 16%, respectively,
under RTFOT aging conditions, while the increase in the
viscosity under PAV aging values was about 78% and 82%
for rubber content of 8% and 16%, respectively. Thus, the
increase in crumb rubber content has an obvious effect
on aged rubberised bitumen viscosity compared to aged
unmodified bitumen with correlation coefficient 𝑅2 = 0.997.
The reason is the conversion to asphaltenes (the highest
molecular component fraction) of the other lower molecular
weight asphalt components through oxidation.This is clearly
evidenced bymolecular weight analysis of asphalts before and
after aging as shown in Table 2.
Figure 3 shows VAI of the original bitumen and the
rubberised binder after RTFOT and PAV aging. VAI is the
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Figure 2: Brookfield viscosity results of CRM binders versus aging
conditions.
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Figure 3: VAI of original and rubberised modified bitumen after
RTFOT and PAV.
ratio of aged viscosity of the binder to the unaged viscosity of
same binder as illustrated in (2) [17]:
VAI =
𝑉aged
𝑉unaged
, (2)
where VAI is the viscosity aging index,𝑉unaged and 𝑉aged are
the viscosities of unaged and aged values of the binder,
respectively.This exhibits that viscosity aging index of rubber
modified binder is significantly lower than that of unmodified
bitumen, thus indicating that the rubberised bitumen would
improve the thermooxidative aging properties of bitumen.
This result can be explained by the chemical components
change of the binder during the aging that led to the increase
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Figure 4: Effect of aging on penetration of bitumen binder.
of the asphaltene content which was responsible for increas-
ing the viscosity flow of the bitumen binder. The viscosity
aging index reflected better resistance of crumb rubber mod-
ified bitumen to aging as it showed lower value after short-
term aging, RTFOT, and long-term aging, PAV, respectively.
Thus, the use of viscosity aging index determines the effect of
aging of the original bitumen and modified bitumen which
provides a much clearer effect of the hardening (aging) rate
[17].
3.1.2. Penetration Aging Ratio Results. The penetration aging
ratio is an alternative option to show the effects of aging on the
physical properties of the bitumen binder. Penetration aging
ratio (PAR) can be defined as the ratio of aged penetration
value to unaged penetration as illustrated in (3):
PAR = (
penetrationaged
penetrationunaged
) × 100. (3)
Figure 4 shows the penetration aging ratio of original and
rubberised bitumen after rolling thin film oven test and
pressure aging vessel test. The results showed that the pen-
etration of unmodified bitumen and rubberised bitumen
binders decreased after the two different aging. In addition,
the higher crumb rubber content, the lower penetration aging
ratio which led to reducing the degree of aging of rubberised
bitumen binder. Thus, the crumb rubber addition led to
improving the binder resistance to oxidative aging.
3.1.3. Softening Point Increment (Δ𝑆). The softening point
increment can be used as a good indicator to measure the
degree of aging, and it can be defined by Δ𝑆 and calculated
as shown in (4):
Δ𝑆 = S.Paged − S.Punaged , (4)
where Δ𝑆 is the softening point increment, S.Paged is aged
softening point value, and S.Punaged is the unaged softening
point value. Figure 5 shows the effect of crumb rubber
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Figure 5: Effect of aging on softening point increment of bitumen
binder.
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Figure 6: 𝐺∗/ sin 𝛿 results versus crumb rubber content.
modified binder bitumen on softening point changes after
RTFOT aging and PAV aging. The softening point results
of unmodified bitumen and rubberised bitumen showed an
increase after both aging conditions of RTFOT and PAV,
respectively, as the rubber content increased, indicating the
hardening level of the materials during aging. In comparing
the softening point increment (Δ𝑆) of modified binder with
bitumen without crumb rubber modifier, the crumb rubber
modified bitumen showed lower (Δ𝑆) as rubber crumb
content was increased.This can be explained by the structural
change of molecules in asphalt of fraction content during
aging, which led to an increase in the softening point [17, 18].
Thus, the results of using rubberised bitumen binder have a
significant effect on improving the aging resistance and show
lower hardening aging which can reduce the oxidative aging
resistance of the bitumen.
3.1.4. Influence of Aging on Rheological Properties at 76∘C.
The dynamic shear rheometer test was conducted to select
the rutting resistance parameter,𝐺∗/ sin 𝛿, of the unmodified
binder and rubberised bitumenbinderweremastered at 76∘C,
and the results are shown in Figure 6. Generally, the higher
rubber content led to high value of rutting factor, 𝐺∗/ sin 𝛿,
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Figure 7: Aging index of 𝐺∗/ sin 𝛿 of bitumen binder versus CRM
content.
for all combinations tested. Additionally, 𝐺∗/sin(𝛿) of aged
rubberised bitumen was about 11% and 21% for rubber
contents of 8% and 16% compared to unaged base binder
using RTFOT aging conditions.The increase in the𝐺∗/sin(𝛿)
was about 38% and 60% for samples of 8% and 16% rubber
content, respectively, compared to unaged base binder using
PAV aging conditions. Thus, the increase in crumb rubber
content has an obvious effect on rutting factor, 𝐺∗/sin(𝛿),
with correlation coefficient 𝑅2 = 0.995. In general, the results
of rubberised binder are in tandemwith the superpave binder
specification of a minimum 𝐺∗/ sin 𝛿 requirement using
RTFOT (2.2 Pa) which showed that the binder with higher
𝐺
∗
/ sin 𝛿 value is less susceptible to rutting deformation at
high pavement temperatures [10, 19]. Figure 7 shows the
aging index of rutting factor,𝐺∗/ sin 𝛿, of original and crumb
rubber modified bitumen binder at 76∘C as calculated by (5)
as follows:
AIRF =
(𝐺
∗
/ sin 𝛿)aged
(𝐺∗/ sin 𝛿)unaged
. (5)
In the case of AIRF as the aging index of rutting factor
(𝐺
∗
/ sin 𝛿)aged and (𝐺
∗
/ sin 𝛿)unaged is the 𝐺
∗
/ sin 𝛿 value
of bitumen binder after and before aging, respectively. The
results showed that𝐺∗/ sin 𝛿 of bitumen binder with different
content of crumb rubber increased after different aging,
obviously after PAV aging. Thus, crumb rubber modified
bitumen binder showed better resistance to oxidation aging.
As displayed in Figure 7, the unmodified binder was of higher
AIRFwhich led the binder to beingmore susceptible to aging,
while modified bitumen shows lower AIFR as crumb rubber
increased in the specimen, leading to better aging resistance
of modified binder.
Figure 8 shows the effect of aging on loss tangent of
bitumen binder after RTFOT aging and PVA aging. The
results displayed that the higher the crumb rubber content,
the higher aging index of loss tangent, Tan 𝛿, indicating better
aging resistance. The aging ratio of loss tangent is defined as
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Figure 8: Effect of aging on Tan 𝛿 of bitumen binder.
the ratio of aged Tan 𝛿 to unaged Tan 𝛿 of the bitumen binder
as shown in (6):
Tan 𝛿 avg. = [
(Tan 𝛿)aged
(Tan 𝛿)unaged
] × 100, (6)
where Tan 𝛿 avg. is the average of Tan 𝛿. (Tan 𝛿)aged and/
(Tan 𝛿)unaged is the (Tan 𝛿) value of bitumen binder after and
before aging, respectively. The higher value of aging index
Tan 𝛿 is related to higher elastic behaviour (high in storage
modulus𝐺󸀠) since Tan 𝛿 = 𝐺󸀠󸀠/𝐺󸀠; thus the high-loss tangent
of rubberised bitumen led tomore elastic behaviour andmore
solid-like material.This suggests that the rubberised bitumen
binder can improve the resistance to oxidative aging.
3.2. Fatigue Cracking Properties at Intermediate Temperature.
The Strategic Highway Research Program (SHRP) had a
maximum value of 5000 kPa for 𝐺∗ sin(𝛿), and low values of
these parameters are considered good indicators of fatigue
cracking resistance [16]. In this study, the fatigue resistance
parameter, 𝐺∗ sin(𝛿) values, of the unaged bitumen and
rubberised binders after pressure aging vessel (PAV), were
measured using the dynamic shear rheometer (DSR) at 31∘C,
and the results are illustrated in Figure 9. In general, the high
crumb rubber content led to lower 𝐺∗ sin(𝛿) values of the
rubberised bitumen binders. The decrease in the 𝐺∗ sin(𝛿)
was about 13% and 25% for rubber content of 8% and
16%, respectively, after pressure aging vessel (PAV), aging
conditions, respectively. Thus, the increase in crumb rubber
content has an obvious effect on aged rubberised bitumen
fatigue parameter, 𝐺∗ sin 𝛿, with correlation coefficient 𝑅2 =
0.816 after PAV aging. Owing to the aging, the results showed
that the lower the𝐺∗ sin 𝛿 value, the less shearing energy loss
and the better ability of the fatigue resistance. Also,𝐺∗ sin 𝛿 of
the modified bitumen is lower than the unmodified bitumen
at temperature of 31∘C, indicating that rubberised bitumen
6 Advances in Materials Science and Engineering
0
500
1000
1500
2000
2500
3000
3500
4000
4500
5000
𝐺
∗
si
n
𝛿
(k
Pa
)
0 4 8 12 16 20
Crumb rubber content (%)
Unaged
PAV
𝑅
2
= 0.847
𝑅
2
= 0.816
Figure 9: 𝐺∗ sin 𝛿 results versus crumb rubber content.
binder would improve the fatigue resistance of bitumen as a
result of introduction of crumb rubber modifier (CRM).
4. Conclusion
After the introduction to the problem, a review of the liter-
ature, and analysis and discussion of the findings, this sec-
tion intends to summarise the overall conclusions achieved
through this research. Therefore, the significant findings of
the current study are as follows.
(1) The results showed that the use of rubberised bitumen
binder reduced the aging effect on physical and
rheological properties of the bitumen binder as illus-
trated through lower aging index of viscosity, lower
aging index of 𝐺∗/ sin 𝛿 at 76∘C, and an increase in
Tan 𝛿 with increased crumb rubber modifier content,
indicating that the antioxidant released in asphalt
from the tire rubber particles is a significant factor in
reducing the aging effect as correctly observed by the
data results.
(2) In addition, the results showed that the softening
point increment (Δ𝑆) and penetration aging ratio
(PRA) of the rubberised bitumen binder decreased
significantly due to crumb rubber modification.
(3) The aging index of viscosity reflected better resistance
of crumb rubber modified bitumen to aging as it
showed lower value after short-term aging, RTFOT,
and long-term aging (PAV), respectively. Thus, the
use of viscosity index eliminated the variability caused
by difference in viscosity of the original bitumen and
modified bitumen which provided a more reliable
picture of the hardening (aging) rate.
(4) Furthermore, the higher crumb rubber content, the
lower 𝐺∗ sin 𝛿 at 31∘C after PAV aging, which led to
higher resistance to fatigue cracking.
(5) Crumb rubber modifier increased the stiffness of the
bitumen binder improving its resistance to rutting.
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